The form factor of a micelle model with a spherical core and Gaussian polymer chains attached to the surface has previously been calculated analytically by Pedersen and Gerstenberg [(1996) . Macromolecules 29, 1363-1665.] . Non-penetration of the chains into the core region was mimicked in the analytical calculations by moving the center of mass of the chains Rg away from the surface of the core, where Rg is the radius of gyration of the chains. In the present work, the calculations have been extended to micelles with ellipsoidal and cylindrical cores. Non-penetration was also for these taken into account by moving the center of mass of the chains Rg away from the core surface. In addition results for worm-like micelles, disk-shape micelles and micelles with a vesicle shape are given.
Introduction
When a block copolymer is dissolved in a solvent which is a good solvent for one block and a poor solvent for the other block, micelles are formed. The insoluble blocks form a relatively compact core whereas the soluble blocks form a diffuse corona surrounding the core. The small-angle scattering technique is well-suited for studying the structure of such micelles which typically have sizes in the nanometer range (Mortensen, 1996) . The studies of different types of polymers of varying molecular weights in various solvents have revealed that the shape of the micelles can be spherical, ellipsoidal, cylindrical or plate-like (see e.g., Mortensen & Pedersen, (1993) ; Mortensen, (1996) , Richter et al., (1997) , Nakano et al., (1999) ).
In most of the small-angle scattering studies the data have been analysed by models which assume centro-symmetry of the micelles. In some models the algebraic form of the radial scattering length density profile of the corona is explicitly included (Liu, Chen, & Huang, 1998; Förster & Burger, 1998) . However, the centro-symmetric models do not describe the observed scattering at high scattering vectors which originates from the chains in the corona. This scattering is often called 'blob scattering' and follows a power law q « with « 1 5 to 2, where q is the length of scattering vector: q 4 sin´ µ , where is half the angle between the incident and scattered beam and is the wavelength of the radiation. Richter et al. (1997) included an empirical term for describing the 'blob' scattering and obtained good fit to the measured data for polyethylene-poly(ethylenepropylene) in decane. The blob scattering contribution is included explicitly in the model described by Pedersen and Gerstenberg (1996) . In this model the corona is described as consisting of non-interacting Gaussian chains, i.e. a mushroom polymer configuration is assumed. Non-penetration of the chains into the core region is simply mimicked by moving the starting points of the chains Rg away from the core surface, where Rg is the radius of gyration of the chains (Pedersen & Gerstenberg, 1996; Gerstenberg, 1997) . This model has been shown to give excellent fits to the small-angle neutron scattering (SANS) data for poly(ethylene oxide)poly(propylene oxide)-poly(ethylene oxide) (EO25PO40EO25) in water (Pedersen & Gerstenberg, 1996; Pedersen, 1998) and for micelles of poly(ethylene oxide)-poly(butylene oxide) (EO90BO10) (Derici et al., 1999) in the full measured q range.
In this paper the form factors for two block copolymer micellar models with, respectively, an ellipsoidal core and a cylindrical core surrounded by solvated chains are derived. The derivation is based on the calculations performed for spherical micelles (Pedersen & Gerstenberg, 1996) and therefore the results for such micelles are summarized first. Note that the form factor of plate-like micelles is obtained from the results for cylindrical micelles with a radius much larger than the length (thickness). Results are also given for the limiting cases of long cylindrical micelles, worm-like micelles, large disk-shape micelles and vesicle-shaped micelles.
Micelles with Spherical Cores
The form factor of a micelle contains four different terms: the selfcorrelation term of the core, the self-correlation term of the chains, the cross-term between the core and chains, and the cross term between different chains. It can be written (Pedersen & Gerstenberg, 1996) 
For diblock copolymers N is the aggregation number of the micelle and ¬s and ¬c are the total excess scattering length of a block in the core and in the corona, respectively. They can be calculated as ¬s Vs´ s solv µ and ¬c Vc´ c solv µ, respectively, where Vs and Vc are the total volumes of a block in the core and in the corona. s and c are the corresponding scattering length densities and solv is the scattering length density of the surrounding solvent. Note that the subscript s (=sphere) and c (=chain) are used here and in the following despite the deviations in shape of the micelles in in the next sections. The normalized self-correlation term [Fs´q 0µ 1] for the spherical core with radius R is given by (Rayleigh, 1911) 
where Φ´qRµ 3 sin´qRµ qR cos´qRµ ´qRµ 3
(3)
The chains in the corona have a radius of gyration Rg and the selfcorrelation term of the Gaussian chains is given by the Debye function (1947):
where x q 2 R 2 g . In order to mimic non-penetration of the Gaussian chains, they are taken as starting a distance dRg away from the surface of the core, where d is close to unity (Pedersen & Gerstenberg, 1996; Gerstenberg, 1997) . The interference cross term between the core and the chains is then
The function ´xµ 1 exp´ xµ x is the form factor amplitude of the chain (Hammouda, 1992) . Note that in the above expression the scattering from the corona is given by the product ´qRgµ sin´q R · dRg µ ´q R · dRg µ, which in real space is equivalent to a convolution of the scattering density distribution of a chain with an infinite thin shell with radius R · dRg. Therefore this corresponds to chains distributed uniformly on the surface of the sphere.
The interference term between the chains in the corona is
This expression is the square of the term describing the distribution of the chains in the interference term between the core and the corona. In real space it corresponds to the pair distance distribution function of an infinitely thin shell with a uniform distribution of chains.
With the identifications and real space interpretations of the various terms given above it is now straightforward to derive similar expressions for other geometrical shapes of the core of the micelles. In the following the expressions for ellipsoidal and cylindrical cores are given. Note that the only term which does not have to be modified is the self-correlation term of the chains.
Micelles with Ellipsoidal Cores
For an ellipsoidal core with semiaxes´R R ¯Rµ, the normalized selfcorrelation term [Fs´q 0µ 1] is given by (Guinier & Fournet, 1955 )
where r´R ¯ «µ R´sin 2 «·¯2 cos 2 «µ 1 2 is the orientation-dependent radius.
In the following the short notation r r´R ¯ «µ will be used for convenience. The interference term between the core and Gaussian chains starting at dRg away from the surface of the core is given as an orientational average of the form factor amplitude of the core multiplied by the form factor of an infinitely thin ellipsoidal-like shell with the same orientation -and multiplied by the form factor amplitude of a single chain ´qRgµ:
The interference term between the chains is given by the orientational average of the square of the form factor of an infinitely thin shell with 'radius' r · dRg multiplied by the square of the form factor amplitude of a chain:
Inserting the expressions (7, 8, 9) for the core self-correlation term and the interference terms into (1) gives the form factor of a micelle with an ellipsoidal core.
Micelles with Cylindrical Cores
For a micelle with a cylindrical core, similar modifications as for the ellipsoidal core have to be done. For a cylindrical core with radius R and length L, the normalized self-correlation term is (Fournet, 1949) :
where
and B1´xµ is the first order Bessel function of the first kind.
The Gaussian chains are uniformly distributed at dRg away from the surface of the core, i.e. on a coaxial cylindrical shell with radius R·dRg and length L · 2dRg. The interference term between the core and the Gaussian chains 1 is given as the orientational average of the product of the core form factor amplitude, the shell form factor amplitude and the single chain form factor amplitude. Note that the core and shell have to have same orientation in the averaging. Thus
where Ξ´q R L «µ is the form factor amplitude of the shell:
In this equation B0´xµ is the zeroth order Bessel function of the first kind. The expression (13) is obtained by differentiating the core form factor amplitude with respect to R and L and using the appropriate weighting of the two terms with the respective surface areas. The interference term between the chains is given as the orientational average of the shell form factor squared multiplied by the single chain form factor amplitude squared:
The chain self-correlation term of the chains is again unaltered and the form factor of the micelle with a cylindrical core can be obtained by inserting (10, 12, 14) in (1). Note that the expression covers both the case of long cylinders as well as that of flat disks.
The shell form factor amplitude (13) has two terms. The first one describes the scattering from the circular end disks, whereas the second describes the scattering from the cylinder wall. It is thus possible to calculate the form factor for a micellar model with chains only at the wall by omitting the first term in (13) and the factor L ´L · Rµ of the second term. Similarly the form factor of a cylinder with only Gaussian chains at the end surfaces is obtained by omitting the second term in (13) and the factor R ´L · Rµ.
Long Cylindrical and Worm-like Micelles
The expressions simplifies significantly for the case L R which is considered in the following. The cross-section parts of the integral in (10, 12, 14) 
and (Neugebauer, 1943) :
where Si´xµ x 0 t 1 sin t dt (17) FL´q Lµ is the form factor on an infinitely thin rod. The core-chain cross term becomes: 18) and the chain-chain term becomes
Note that in the above equations for long cylinders, the terms with the prefactor R ´R · Lµ have been neglected and L L · 2dRg has been used.
The results for L R assume a straight cylinder structure, however, for sufficiently long cylinders some flexibility is expected to be present giving rise to a structure like that of a self-avoiding worm-like chain. This can be taken into account by replacing FL´q Lµ with the corresponding expressions given by Pedersen and Schurtenberger (1996) for self-avoiding semi-flexible chains.
Large Disk-shaped and Vesicle-shaped Micelles
In the limit of R L there is a similar separation as described in the previous section into a cross-section and disk-part of the form factor, where the cross section now refers to the short dimension of the cylinder. The self-correlation term of the core is Fs Fcs´q LµFR´q Rµ with and (Kratky and Porod, 1949) :
which is the form factor on an infinitely thin disk. The core-chain correlation term is:
and the chain-chain term is:
Note that in the above equations for flat disks, the terms with the prefactor L ´R · Lµ have been neglected and R R · dRg has been used. The form factor of a block copolymer vesicle with a corona on both the inner and outer side can be obtained by replacing the infinitely thin disk form factor (21) by that of an infinitely thin shell: 
where R now refers to the radius of the vesicle.
Numerical Results
The expressions for micelles with spherical, ellipsoidal and cylindrical cores have been used for calculating some examples. The micelles were taken as consisting of diblock copolymers with two blocks of identical volume Vc 4000Å 3 . The cores were taken to be solely constituted of one of the blocks, whereas (Fig. 1) the form factor follows a q 2 behaviour at large q due to the presence of the individual chain scattering. At low q the core and corona contribute equally.
The form factor of a prolate ellipsoidal micelle with¯ 2 is shown in Fig. 2 . The eccentricity leads to significant smearing of the form factor oscillations for all three contrast. A similar effect is seen in Fig. 3 , where the corresponding results for a cylindrical micelle with R 40 A and L 100Å are shown. Note that this micelle has similar volume and aggregation number as the ellipsoidal model with¯ 2. There are small but significant differences between the ellipsoidal and cylindrical micelles for all three contrast in the q region of the first subsidiary maxima. Figure 4 shows the total scattering of elongated cylindrical micelles with a core radius of 40Å. As the length is increases the oscillations from the secondary maxima become more pronounced, however, it is only for the short cylinders with L 100Å and L 400Å that a significant smearing is observed. For the longest micelles with L 10000 A the expressions in section 4 and 5 give identical results. Figure 5 shows the total scattering of flat cylindrical micelles (disks) with a constant core thickness of L 80Å. The oscillations from the secondary maxima get more pronounced, the larger the disks are. They seem only to be fully developed for the largest micelles with R 5000 A, which is supported by the fact that the same results are obtained using the expression in section 4 and 6. The expressions derived for the form factors have already been applied in the analysis of anisometric micelles of polystyrenepolyisoprene in di-n-butyl phthalate . In this solvent the micellar cores are significantly swollen and it was necessary to modify the models to include concentration fluctuations in the core. In the near future the form factors will also be used for analysing scattering data from anisometric micelles of EO15PO25EO15 in water (Pedersen, Hamley & Linse, 1999) and of EO20BO10 in water .
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